A series of novel oxygen-rich bismuth oxychloride (Bi 12 O 17 Cl 2 ) were synthesized through a facile poly (vinyl pyrrolidone) (PVP)-assisted hydrothermal route. These obtained Bi 12 O 17 Cl 2 samples were characterized by various physicochemical techniques. It was found that a proper addition amount of PVP could promote the transformation of Bi 12 O 17 Cl 2 morphology from irregular clusters to three-dimensional hierarchical flower-like microspheres that were nominated as sample BP2. As-synthesized samples were subjected to a photocatalytic degradation of dye Rhodamine B (RhB) or 2,4-dichlorophenol (2,4-DCP) under visible light. Among all candidates, the sample BP2 with a hierarchical flower-like morphology showed the best degradation efficiency for RhB and 2,4-DCP. The apparent rate constant of sample BP2 in terms of degradation of RhB was nearly 5.7 and 45 times that of unmodified BP0 and N-TiO 2 . The enhanced photocatalytic performance could be ascribed to synergetic effects including unique hierarchical morphologies, large specific surface area, small particle size, good crystallinity, and suitable band structures. A possible mechanism of catalytic degradation was finally proposed basing upon the active species trapping experiments.
Introduction
Heterogeneous photocatalysis has attracted considerable attention due to its potential applications in energy storage and environmental remediation [1] [2] [3] . Under irradiation, semiconductorbased photocatalysts are able to split water into H 2 and O 2 [2] , destruct environmental pollutants [3] , and reduce CO 2 with H 2 O into hydrocarbon fuels [4] . Among generally used photocatalysts, titania (TiO 2 ) is the most widely researched one that, however, usually suffers from the low quantum efficiency and incapability of visible-light response. Therefore, it is indispensable to develop novel and low-cost visible-light-driven semiconductors with excellent catalytic activity and sufficient stability for practical utilizations [5] .
It is demonstrated that bismuth oxyhalides (BiOX, X = F, Cl, Br, I) feature lamellar structures with strong internal electric field, favoring the separation of photogenerated electron-hole pairs and hereby possessing superior catalytic performance [6] [7] [8] . Although numerous BiOX materials with different atomic ratios of Bi/O/X have been successfully prepared and developed as efficient photocatalysts [9] [10] [11] [12] , there are few literatures concerning systematical studies toward the synthesis and photocatalytic evaluation of Bi 12 [16] . Very recently, He et al. reported a facile solvothermalcalcining process to prepare three-dimensional (3D) flower-like composites Bi 12 O 17 Cl 2 /b-Bi 2 O 3 for the first time, which displayed superior catalytic behavior for degradation of 4-tert-butylphenol upon visible-light irradiation [17] .As a result, to fulfill the requirement of real employments of photocatalytic processes toward toxic contaminants control and remediation in water body, it is urgent to design and develop lamellar Bi 12 O 17 Cl 2 compounds with proper electronic structure, unique optical properties, and favorable morphologies, especially, 3D hierarchical superstructures, since these 3D ordered architectures possess structural merits of both a microstructure and a nanostructure, such as high crystallinity, high surface to volume ratio, and plenteous electronic transport paths, which are potentially beneficial to the separation of charge carriers and further improvement of photocatalytic performance [18] .
In the present study, various oxygen-rich Bi 12 O 17 Cl 2 sample were constructed by means of a PVP-assisted hydrothermal method for the first time. Structures and morphologies of obtained samples were characterized by a collection of techniques. The addition of PVP promoted the change of morphology in Bi 12 O 17 Cl 2 samples. With the optimal amount of PVP, sample BP2 was generated as uniform 3D hierarchical microspheres. These ordered hierarchical architectures could not maintain with the insufficient and excess amount of PVP. The photocatalytic performance of these samples was measured through degradation of dye RhB and 2,4-DCP, a colorless and non-biodegradable organic pollutant in environment. Under visible light, sample BP2 displayed the best degradation outcome over both RhB and 2,4-DCP among all tested samples, mainly attributing to the favorable properties, such as the superior hierarchical morphologies, enlarged specific surface area, small average particle size, good crystallinity, and suitable band structures. Finally, a possible photocatalysis mechanism was proposed basing on experimental results.
Experimental

Chemicals
Bismuth nitrate pentahydrate (Bi(NO 3 ) 3 Á5H 2 O, AR), hydrochloric acid (HCl, 36-38%, AR), sodium hydroxide (NaOH, AR), poly (vinyl pyrrolidone) (PVP, K30), and other chemicals involved were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China) and used directly for experiments without any further purification. Deionized water was used throughout the experimental.
Synthesis of Bi 12 O 17 Cl 2 photocatalysts
In a typical synthesis, Bi(NO 3 ) 3 Á5H 2 O (3.84 mmol) was dissolved in a HCl aqueous solution (2 M, 25 mL), into which a aqueous solution (20 mL) containing different PVP amount was added dropwise upon stirring. Subsequently, NaOH solution (4 M, 20 mL) was carefully added and the resultant suspension was continuously stirred for 0.5 h at room temperature. Then, the pale light suspension was transferred into a 100 mL stainless-steel Teflon-lined autoclave that placed in an oven and stayed at 160°C for 6 h. After cooling to room temperature, the yellow precipitate was washed with deionized water and absolute ethanol for several times. After dried at 60°C overnight, a powder was finally generated by annealing the precipitate at 500°C for 4 h. For convenience, the as-prepared Bi 12 O 17 Cl 2 products obtained with different amounts of PVP (0, 0.1, 0.2, and 0.3 g) were denoted as BP0, BP1, BP2, and BP3, respectively. N-doped TiO 2 (N-TiO 2 ) was synthesized according to a previous report [19] and then subjected to photocatalytic tests for comparison.
Characterization
X-ray diffraction (XRD) patterns were recorded on a Bruker D8 Advance X-ray diffractometer using a Cu Ka radiation source (k = 1.5406 Å). The general morphology of prepared samples was observed by means of scanning electron microscopy (SEM, Hitachi S-4800 and Hitachi S-4700). TEM, HRTEM patterns, and SAED images were recorded on a FEI Tecnai G 2 F20 transmission electron microscope operated at 200 kV. HRTEM was analyzed using the Digital Micrograph software (Gatan Inc.). X-ray photoelectron spectroscopy (XPS) measurements were performed by using a RBD upgraded PHI 5000C ESCA System (Perkin Elmer) with Mg Ka (1253.6 eV) radiation. Binding energies were calibrated by using the containment carbon (C1s = 284.6 V). The valence-band X-ray photoelectron spectroscopy (VB XPS) spectrum was obtained on a Thermo ESCALAB 250 spectrometer using a monochromated Al-Ka source (1486.6 eV). The specific surface areas were measured using the BET method by Nitrogen adsorption-desorption isotherms at 77 K using a Micromeritics 3Flex apparatus. Before measurement, the samples were degassed at 383 K under vacuum for more than 12 h. UV-vis diffuse reflectance spectra (UV-Vis DRS) were obtained on a Shimadzu UV-2600 spectrophotometer using BaSO 4 as a reference. Photoluminescence (PL) spectra were measured with Edinburgh FLSP920 fluorescence spectrometer with an excitation wavelength of 324 nm. UV-Vis detector. The mobile phase was a mixture of methanol and ultrapure water (80/20, v/v) at a flow rate of 0.5 mL min À1 .
Photocatalytic activity measurements
The maximum absorption wavelength was detected at 285 nm. The effects of several active radicals on reaction system were investigated to understand the photocatalytic mechanism. 1.0 mM isopropanol (IPA), 1, 4-benzoquinone (BQ), or disodium ethylenediaminetetraacetate (EDTA-2Na) was added for capturing hydroxyl radicals (ÁOH), superoxide radicals (O 2 À ), or holes (h + ), respectively [21, 22] .
The measurement of ÁOH amount was accomplished according to the literature [22] . A Shimadzu RF-5301PC fluorescence spectrophotometer was used to measure the signal of 2-hydroxy terephthalic acid (TAOH) and the excitation light employed during recording fluorescence spectra was 320 nm. ESR Signals of radicals spin-trapped by 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) were measured on a FA200 spectrometer. The settings for spectrometer were as follows: k = 425 nm, center field, 323.357 mT; microwave frequency, 9.05 GHz; power, 0.998 mW.
Results and discussion
Crystalline
The phase, crystallinity, and purity of Bi 12 O 17 Cl 2 samples synthesized with different PVP amounts were measured by XRD patterns, as shown in Fig. 1 . Diffraction peaks in all samples can be unambiguously indexed to the typical tetragonal phase of Bi 12 O 17 Cl 2 (JCPDS No. 37-0702, lattice constants a = b = 0.544 nm, c = 3.52 nm). [13, 14, 16] No other peaks originating from PVP or impurities are observable, implying the high purity and single phase of well-crystallized Bi 12 O 17 Cl 2 samples. The intensity ratio of both diffraction peaks from (1 1 7) and (0 0 1 2) planes that center at 29.2°and 30.5°varies from BP0 to BP3, possibly owning to the different crystal panel direction upon different synthetic conditions. As depicted in Fig. 1 , sample BP1 and BP2 have relatively wide diffraction peaks in comparison with sample BP0 when a proper amount of PVP surfactant was introduced, revealing the well-crystallized products in small crystallite sizes that are also shown in Table 1 
Morphology and microstructures
Typical SEM images of Bi 12 O 17 Cl 2 series synthesized with variable PVP concentrations are shown in Fig. 2 . It is clear that all lamellar samples are loosely assembled by nanosheets with the thickness about several tens nanometers. Without the addition of PVP, nanosheets in sample BP0 microstructures tend to aggregate to large clusters by means of plane to plane assembly, as displayed in Fig. 2A . When 0.1 g of PVP surfactant was charged, sizes of clusters reduce in a uniform manner and some nanosheets interweave along edges with each other, instead of plane to plane assembly. Further increase PVP to an appropriate amount (0.2 g) benefits the generation of uniform 3D hierarchical flower-like microspheres with an average diameter of 0.5 lm, as circled by yellow dotted lines in inset of Fig. 2C . In addition, there are plenty of pores on the surface of microspheres, possibly implying a large specific surface area. 3D hierarchical structures are maintained while flowerlike microspheres are destructed when PVP addition is beyond 0.2 g, as seen in Fig. 2D . To clarify microstructures, sample BP0 and BP2 were subjected to a sonication treatment in ethanol prior to recording SEM and TEM images, as shown in Fig. 3 . SEM images of sample BP0 and BP2 ( Fig. 3A and B nanosheets also exhibit preferential growth in the 2D plane perpendicular to the c-axis [13, 24] . Further observation discloses that the size of BP2 nanosheets is much smaller than that of BP0 while the thickness of nanosheets in sample BP2 is around 23 nm that is almost identical to that in sample BP0. The enlarged SEM and TEM images ( Fig. 3C and D) of sample BP2 show these nanosheets with a diameter below Fig. 3F indicates that the as-prepared sample contains elements Bi, O, and Cl. Relative quantitative analysis shows that the atomic ratio of Bi to Cl is quite close to 6, in accordance with the stoichiometric Bi 12 O 17 Cl 2 . However, the atomic proportion of O element is slightly higher than the theoretical value, maybe arising from the influence of the OH À and H 2 O adsorbed on surface of samples [25] . A possible process for the formation of sample Bi 12 O 17 Cl 2 is described as from Eqs. (1)- (6) [26] . [27] . First, PVP tends to act as a potential crystal face inhibitor in reaction, which promotes the generation of oriented nucleation, further causing the fabrication of preferential growth in the 2D plane perpendicular to the c-axis [13, 24] . The anisotropic growth of Bi 12 O 17 Cl 2 nanoparticles was somewhat restrained since PVP molecules adsorbed on the surface of nanoparticles with the steric hindrance from carbon chains as hydrophobic groups, 2D nanosheets are hereby produced in relatively small sizes. Second, selective adsorption of PVP surfactants on various crystal planes and subsequent competition at interfaces pioneered the rotation of adjacent nanoparticles so that 3D hierarchical architectures are constructed via interweaving 2D nanosheets along edges [28] . As a result, the presence of PVP benefits the assembly and interlacement of 2D nanosheets to construct 3D hierarchical microspheres with numerous pores on surface. An excess amount of PVP may possibly inhibit the connection and assembly of Bi 12 O 17 Cl 2 nanosheets, and thus prevent the formation of ordered 3D geometry.
XPS
The chemical composition and surface valence states of sample BP2 were further investigated by XPS analysis, shown in Fig. 4 . The peak positions in all XPS spectra were calibrated with C 1s at 284.6 eV. The full scan XPS spectrum in Fig. 4A indicates the presence of elements Bi, O, and Cl in product. The high-resolution XPS spectra of Bi 4f, O 1s, and Cl 2p were shown in respectively, and are in good agreement with the valence state of -1 in Cl species, as seen in Fig. 4D Fig. 5A shows the UV-Vis diffuse reflectance spectra of the assynthesized Bi 12 O 17 Cl 2 samples. According to the spectra, the Bi 12 O 17 Cl 2 sample represents the photoresponsive property ranging from UV to visible light region until near 490 nm, which is consistent with the yellow color of samples. The band gap energy (E g ) of as-synthesized Bi 12 O 17 Cl 2 samples could be estimated by an empirical equation ahm = A(hvÀE g ) n/2 , where a, hv, and A are absorption coefficient, photon energy, and a constant, respectively. Among them, n depends on characteristics of the transition in a semiconductor (n = 1 for direct transition and n = 4 for indirect transition) and was estimated at 1 by plotting ln(ahm) versus ln (hvÀE g ) to form a straight line near the band edge on the basis of an approximate value of E g in inset of Fig. 5A , indicating the direct transition of the Bi 12 O 17 Cl 2 sample [14] . Band gap energies are determined as 2.57 eV, 2.56 eV, 2.54 eV and 2.53 eV for sample BP0, BP1, BP2, and BP3, respectively, by means of the plot of (ahm) 2 versus hv, as depicted in inset of Fig. 5B and listed in Table 1 . These values are slightly larger than those literature values [14, 24] . It is general accepted that E g value is relevant to a degree of the thickness of nanosheets [30] and in our cases, the thickness of nanosheets are almost identical no matter whether PVP is added or not. The slight shrinkage of band gap energy of three BPx samples may possibly relate to the variable morphology, crystal size, and specific structure, indicating that PVP can be utilized as a structure directing agent for fabricating nanostructures with favorable structural features [28] . As expected, semiconductors with suitable band gaps benefit the absorption and utilization of visible light, and thus further enhancement of photocatalytic efficiency. By means of the valence-band X-ray photoelectron spectroscopy (VB XPS) spectrum of sample BP2 in Fig. 5C , the position of valence band (VB) edge of Bi 12 O 17 Cl 2 was measured at 2.14 eV, which is consistent with the previous report [24] . Correspondingly, the conduction band (CB) edge of Bi 12 O 17 Cl 2 was calculated to be À0.40 eV using the equation of E CB = E VB -E g .
UV-vis DRS
PL
PL emission spectra were measured to study the separation efficiency of charge carriers to realize the fate of photogenerated electrons and holes in semiconductors [31] , as shown in Fig. 5D . One peak at $524 nm in BP0 is attributed to the charge-transfer transitions between the VB and CB of Bi 12 O 17 Cl 2 . Another strong peak at $488 nm is related to the surface-defect emission, which is determined by the surface states such as oxygen vacancies originated from the fast growth rate [32] . However, other BPx samples show merely one broad peak centered at nearly 520 nm with relatively low PL intensity in comparison with sample BP0. Especially, the sample BP2 exhibits the PL emission peak with the lowest intensity among all samples, ensuring the highest separation efficiency of charge carriers and thus longest lifetime of photogenerated electron-hole pairs. This may be attributed to the good crystallinity and relatively small crystallite size of sample BP2. It is well known that the effective separation and transport of charge carriers can induce the improvement of catalytic performance [33] . Hence, based on above results and analysis, it is reasonable to deduce that sample BP2 may exhibit superior photocatalytic activity to other samples.
Photocatalytic performance
The phtocatalytic activities of as-prepared Bi 12 O 17 Cl 2 samples were evaluated through catalytic degradation of dye RhB and 2,4-DCP under visible-light irradiation. Fig. 6A exhibits the temporal evolution of the adsorption spectra of RhB solution over sample BP2. It is observable that the intensity of the absorption peak decreases gradually with increasing irradiation time, accompanying with a blue shift of the main adsorption peak from 554 nm to 501 nm, which is ascribed to a step-by-step deethylation of RhB molecules [34, 35] . During the progress of photocatalytic reaction, the color of solution gradually changed from initial fuchsia red to light green-yellow after irradiation for 150 min. Furthermore, the stepwise decrease of the peaks centered at 250 and 300 nm suggests the destruction of conjugated structure of RhB [35, 36] . In order to simplify the analysis, the characteristic adsorption peak at 554 nm was selected to record the photocatalytic outcome, as shown in Fig. 6B . It is found that the direct photolysis of dye RhB can almost be negligible and N-doped TiO 2 displays quite low photocatalytic performance in this investigation. However, the residual concentration of RhB obviously decreases in the presence of the as-synthesized Bi 12 O 17 Cl 2 samples, implying the significant photocatalytic degradation efficiency under identical conditions. The photocatalytic ability of all tested BP series gradually enhances as increasing the PVP addition during the synthetic procedure. Among these photocatalysts, sample BP2 exhibits the best catalytic capability and can completely destruct RhB after 150 min. Fig. 6C shows the degradation efficiency (DE) after 90 min irradiation and corresponding apparent rate constants (k) of measured samples, calculated from a pseudo first-order reaction kinetic model. It is pronounced that sample BP2 are able to effectively catalyze the decomposition of RhB, showing the highest k value of 0.0319 min À1 that is nearly 5.7 and 45 times that of unmodified BP0 and N-TiO 2 .
Since dye RhB is sensitive to visible light irradiation, the degradation of RhB can be mainly attributed to a dye-sensitized path, revealing the band gap excitation of a semiconductor is not necessary. Hence, 2,4-DCP, a colorless organic compound, was specially chosen to evaluate the visible-light photocatalytic performance in Fig. 6D . As can be seen, after 210 min visible-light illumination, the photodecomposition efficiencies of 2,4-DCP are 24%, 32% and 42% for N-TiO 2 , BP0 and BP2, respectively. It is obvious that BP2 has the ability to exert relatively high catalytic performance toward degradation of organic compounds under visible light.
Based upon the experimental, the improvement of photocatalytic performance of modified Bi 12 O 17 Cl 2 samples ascribes to a synergetic effect of several factors. First, it is usual that a semiconductor with large specific surface area benefits the absorption of visible light approaching to the surface, more electrons and holes are thus generated to accelerate the photocatalytic reaction. In addition, a large specific surface area tends to supply abundant active sites exposed to the solution, facilitating the contact and further reaction between catalyst and organic molecules, thus enhancing the catalytic efficiency [37, 38] . It is found in Table 1 that the specific surface area is enlarged with the increase of PVP addition and with a proper addition amount of 0.2 g, the corresponding sample BP2 possesses the largest value (10.6 m 2 g
À1
) among all BP samples. Second, the smaller average crystal size and better crystallinity of modified BP samples allow more efficient transfer and separation of photogenerated electron-hole pairs, depressing the recombination rate of charge carriers [39] . it was also proven by the relatively low intensity of PL peak in BP2 in comparison with other BPx samples [40] . Third, the 3D hierarchical structure has numerous pores on surface, which favors the mass transfer of reactants into the interior and product molecules out, thus promoting the catalytic degradation process [28] . Besides, the enhancement of visible-light harvesting is available through the multiple reflections of incident radiation, which is favorable to the increase of catalytic efficiency [35] . As stated, the enhancement of catalytic efficiency of modified BP samples mainly attributes to the superior hierarchical flower-like structures with sufficient pores on surface, large specific surface area, small average crystal size, good crystallinity, and suitable band structure.
Photocatalytic mechanism
The detection of main active radical species in a photocatalytic system is required to realize the photocatalytic mechanism. As shown in Fig. 7A , in a catalytic process with sample BP2, the involvement of IPA induces almost no change in the degradation of RhB, indicating that ÁOH radicals are not the main active species, which is also confirmed by the nearly unchangeable photoluminescence spectra of TAOH in Fig. 7B . In contrast, the photodecomposition of RhB greatly reduces from 100% to 63% by adding BQ. In addition, the addition of EDTA-2Na is able to completely inhibit the photocatalytic degradation of RhB. Fig. 7C and D. Based upon experimental results, a possible photocatalytic mechanism was proposed in Scheme 
Reusability
The recovery and durability of a given catalyst during a photocatalytic reaction are crucial to industrial applications. As a result, the sample BP2 was typically selected to operate photocatalysis for five runs through simply centrifugation, washed with ethanol and water for several times, and dried in an oven. It is clear that sample BP2 exhibits satisfactory photocatalytic capability even after four recycle runs without significant loss of activity, as shown in Fig. 8A . In addition, the XRD patterns in Fig. 8B show no remarked variation before and after reaction, suggesting the good maintenance of crytallinity and phase structures during photocatalytic process. These results indicate that the modified Bi 12 O 17 Cl 2 samples are effective and robust visible-light-driven photocatalysts and will find real applications in fields of pollutants treatments and water remediation.
Conclusion
Modified Bi 12 O 17 Cl 2 samples were synthesized via a PVPassisted hydrothermal protocol for the first time, which had been analyzed by a series of characterization techniques. With the presence of appropriate amount of PVP, Bi 12 O 17 Cl 2 nanosheets tended to interweave to produce uniform hierarchical flower-like microspheres BP2 with numerous pores on surface. An excess amount of involved PVP led to generate hierarchical sample BP3 without microspheres. Among all as-synthesized samples, sample BP2 displayed the best catalytic performance toward degradation of RhB and 2,4-DCP. In particularly, the apparent rate constant of sample BP2 for degradation of RhB was nearly 5.7 and 45 times that of unmodified BP0 and N-TiO 2 . The increased photocatalytic behavior could be attributed to synergetic effects of structural and electronic merits. In addition, these BP samples were robust and could be used for five runs without loss of catalytic efficiency. Finally, a possible catalytic mechanism was proposed on base of active radical species trapping experiments.
